Polypyrrole films doped with p-toluenesulfonic anions on stainless steel mesh substrates were prepared by the electropolymerization method. A Zn/aqueous solution/polymer battery system was thus established with the polymer film as the cathode and three different biocompatible aqueous electrolytes. The mechanism of the anode reaction can be explained as the dissolution of Zn. It was found, however, that the discharge performance, including the discharge plateaus and capacities, were significantly affected by the polymer reactions. To elucidate the reaction mechanisms of the conductive polymer, its electrochemical properties were systematically studied by several techniques, including cyclic voltammetry, electrochemical impedance spectroscopy, and monitoring mass changes with an electrochemical quartz crystal microbalance. The redox states of polypyrrole before and after discharge were investigated by Raman spectroscopy. The reaction mechanisms of the polypyrrole film and its effects on the discharge performance are thus discussed based on the results. Polypyrrole films doped with p-toluenesulfonic anions on stainless steel mesh substrates were prepared by the electropolymerization method. A Zn/aqueous solution/polymer battery system was thus established with the polymer film as the cathode and three different biocompatible aqueous electrolytes. The mechanism of the anode reaction can be explained as the dissolution of Zn. It was found, however, that the discharge performance, including the discharge plateaus and capacities, were significantly affected by the polymer reactions. To elucidate the reaction mechanisms of the conductive polymer, its electrochemical properties were systematically studied by several techniques, including cyclic voltammetry, electrochemical impedance spectroscopy, and monitoring mass changes with an electrochemical quartz crystal microbalance.
Introduction
Biocompatible or implantable power sources have been a recent focus of research, based on the bloom of new bio-engineering techniques. Electrical energy is required for many such applications, including biosensors 1 , growth control devices 2 , artificial organs and nerves 3 and 4 , telemetric readings, and monitoring 5 . Most such devices are operated under "in-vivo" circumstances, which need biocompatible batteries with a long service life.
Among all the types of bio-implantable power sources, one research direction has been to develop a biogalvanic cell with a steady discharge performance under low current density 6 . The concept of the biogalvanic cell has existed for decades: such a cell normally contains a sacrificial anode and a cathode with electrochemical activity. The metal-polymer battery system, such as the Mg/poly(3,4-ethylenedioxythiophene) (PEDOT) battery, has recently been regarded as a prospective candidate as a biocompatible power source 7 . Its mechanism has not been thoroughly studied, however. In this work, Zn was chosen as the anode due to its moderate corrosion rate in the aqueous solution and also its biocompatibility 8 . The anode reaction of the Zn-polymer battery is generally believed to be based on metal dissolution, which is much easier to explain than that of the polymer, since the interfacial reaction mechanism of zinc in aqueous solutions has been fully investigated 8, 9 . Meanwhile, to satisfy the safety demands, we chose polypyrrole (PPy) as the cathode material, due to its non-toxicity, stability, and other predominant advantages such as high conductivity and redox reversibility 10, 11 . Its reaction mechanism has not been fully investigated, although the redox process in conductive polymers and their role in the battery are of high complexity, which demands further exploration.
Three types of neutral aqueous electrolytes were chosen: NaCl solution, phosphate buffered saline (PBS) solution, and simulated body fluid (SBF). They are all non-toxic electrolytes, which are ideal for biocompatible batteries. The discharge performances varied among the batteries with different electrolytes. This phenomenon also evokes the research interest in tracing the relationship between the discharge performance and the reactions in polypyrrole films. The Znpolypyrrole battery has rarely been reported, especially the Zn-PPy batteries using bio-compatible electrolyte. The Zn-polypyrrole batteries exhibit large discharge capacity at low current rate, which makes them a suitable candidate power source for certain applications, such as implantable devices.
Experimental Methods

Preparation of electrolyte
Three types of electrolyte were prepared for battery construction: 0.1 M NaCl solution, phosphate buffered saline (PBS) solution, and simulated body fluid. The PBS solution was prepared by dissolving one PBS tablet in 200 ml de-ionized water. The ion concentrations of the PBS buffer electrolyte and the SBF are listed in table 3.1. All chemicals were purchased from Sigma-Aldrich and used as received. 
Battery assembly
Pieces of 1 mm thick Zn foil were cut into squares 1 cm × 1 cm in size and then polished mechanically to remove the oxidation layers. Both the Zn square and the polypyrrole film were immersed in the electrolyte. The areas of both electrodes were restricted to 1 cm 2 .
Characterization methods
The growth in weight of the polypyrrole film was monitored in situ by an electrochemical quartz crystal microbalance (EQCM). The thickness and surface morphology were measured using an atomic force microscope (AFM, Asylum Research MFP-3D). Raman spectroscopy was carried out to characterize the redox state of the polypyrrole film before and after discharge, using a JOBIN YVON HR800 Confocal Raman system with 632.8 nm diode laser excitation on a 300 lines/mm grating at room temperature.
The discharge tests were carried out with a battery testing device (Land CT2001A, Wuhan Jinnuo Electronics Co. Ltd), which was interfaced to a computer with software allowing the discharge process to stop at the pre-set cut-off potentials. The cells were discharged from the open circuit potential to 0.7 V with a discharge rate of 40 μA mg −1 . Electrochemical impedance spectroscopy (EIS) was performed using a CHI 660C electrochemistry workstation. The ion exchange behavior of the polymer films was characterized in the corresponding electrolyte applied for cell construction by EQCM.
Results and discussion
Properties of polypyrrole films
Figure1. AFM image of pTS doped PPy film (a), and the film thickness measured along the film profile (b).
A polypyrrole film was deposited on a gold coated quartz crystal under the same conditions as for the electrodes used for battery construction. The mass change was observed in situ by converting the change in frequency of the quartz crystal resonator. The mass of polypyrrole increased
a) b)
linearly during the deposition period, which indicated that the conductive film grew normally with the sulfonate doping 13 . The film conductivities were measured by a four-probe detector, and the average value was calculated to be 70 S m −1 .
Atomic force microscope images were obtained within a region of 10 μm × 10 μm ( Fig. 3.1 ) to investigate the surface morphology and thickness of the polypyrrole film deposited on the gold coated quartz crystal. The thickness of the film is less than 1 μm, as shown in Fig 3.1(b) . The ultra-thin films have less charge transfer resistance and thus allow much easier ion-exchange with the electrolyte than the thicker ones 14 . the cells with SBF as electrolyte were charged and discharged at a current density of 160 μA mg −1 for another cycle (as shown in Fig. 3.2(b) ). It can be seen that the Zn/PPy batteries delivered a reversible capacity of more than 2000 mAh g -1 , suggesting its great potential as biocompatible power sources in the real applications. Fig 3. 3 presents the polarization behaviour of Zn electrodes after immersion for 72 h in the three electrolytes. The corrosion potential of Zn in NaCl solution is higher than in the PBS buffer, implying that the Zn dissolution is easier in the PBS buffer. If the discharge properties are only correlated to the redox reaction on the Zn foil, the battery with PBS buffer electrolyte should have higher capacity than the others, which is untrue according to the discharge curves. This indicates that the battery properties must also be affected by the reactions of the polypyrrole. In order to elucidate the functions of the polypyrrole film, both the electrochemical properties and its redox states before and after discharge are discussed in the following part. 
Battery discharge
Electrochemical properties of polypyrrole electrode
Polypyrrole with pTS − counterions (PPy/pTS − ) was investigated in different electrolytes by cyclic voltammetry ( Fig 3.4) to evaluate the redox characteristics and the charge storage capacities of the electrodes. The thicknesses of the polymer films used for cyclic voltammetry (CV) testing are similar, since the films were deposited under the same conditions. The electrodes were scanned between −1.0 V and 0.3 V (vs. Ag/AgCl) to prevent over oxidation or insulation of the film [16] [17] [18] .
The oxidation potentials of the films in the three electrodes are at around -0.2 V, however, it is obvious that the peak currents of the PPy films in the NaCl and PBS electrolytes are relatively higher than in SBF, and there are no obvious reduction peaks of polypyrrole in SBF, while the polypyrrole films in both the NaCl and the PBS have a reduction peak at around -0.6 V, which suggests that the film in SBF has less capacity and reversibility. The relevant reduction and oxidation mechanisms of the PPy electrodes are shown in Scheme 3.1. The polymer films were also investigated using electrochemical impedance spectroscopy (EIS) before and after discharge (Fig 3.6 (a) and (b) ). Two well-separated patterns were observed: an arc was obtained at high frequencies, which is related to the metal/polymer and polymer solution interface charge transfer processes, while the lines in the low-frequency region indicate capacitive behaviour related to the film charging mechanism. The difference in the real part of the impedance between low and high frequencies could be used to evaluate the value of the electrochemical charge transfer resistance (R ct ) 21 .
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The charge transfer resistance of the films immersed in different electrolytes was calculated as 27.439 ohm (NaCl), 27.35 ohm (PBS), and 19.654 ohm (SBF), respectively. The cells with NaCl and PBS electrolytes have almost the same Rct, while the Rct value for the cell with SBF as electrolyte is lower. After discharge (72 h), however, the Rct of the cell with NaCl solution as electrolyte (432.89 Ω) is much lower than for the others. The higher charge transfer resistance of the cells using PBS or SBF as electrolyte compared to those using NaCl, may due to the absorbed larger HPO 4 2− , H 2 PO 4− , and HEPES species on the surface of electrodes, which blocked the ion diffusion to some extent.
The redox kinetics of polypyrrole films is mainly controlled by the ion-exchange and charge transfer processes 22 . Since the PPy film has both a faster ion-exchange rate and smaller charge transfer resistance in NaCl solution, the redox activities are higher. Therefore, the discharge capacities of Zn/NaCl/PPy batteries are larger than for the batteries containing the other two electrolytes. The CV curves in Fig 3. 5 reveal that the PPy films have similar redox reactivity in both the PBS buffer and the SBF solution. The discharge capacities of batteries with PBS buffer electrolyte, however, are much lower than for the ones with NaCl electrolyte, similar to the case of the Zn/SBF/PPy battery. This is due to the fact that the resistances in both the ion-exchange and charge transfer processes are much larger in the PBS buffer than in the NaCl solution.
Redox states of polypyrrole before and after discharge
Since it has been proved that both the redox kinetics and the associated reactivity have effects on the discharge capacities, it is quite necessary to find out the exact redox process of the polypyrrole films. It is obvious that the reduction of polypyrrole is not the main contributor to the high capacities. The polypyrrole film would lose its conductivity if it were fully reduced and cause the inactivation of the battery. In previous research work, the genuine cathode reaction was explained as oxygen reduction 7, 23 . No evidence has ever been provided, however, about the redox states of the polypyrrole films before and after discharge, which is the direct proof for elucidating the reaction mechanism.
Figure 0.7 Raman spectra of PPy/pTS film before and after battery discharge in SBF. The inset is an enlargement of the indicated region.
The redox states of polypyrrole before and after discharge were studied by Raman spectroscopy (Fig.3.7) . The peak at around 930 cm −1 can be assigned to the symmetric stretching mode of the counter ions. It is always accompanied by a broad shoulder on the high frequency side, which is assigned to the incorporated salts 24 . These two vibrational peaks coexist, indicating that the film both before discharge and after discharge is a mixture of polaron and bipolaron polypyrrole. The 980 cm −1 band (the broad shoulder at around 930 cm −1 ) indicates that certain sites on the PPy chain are still in the benzoid form (reduced state). The vibrational mode at 930 cm −1 , assigned to a C-H out-of-plane deformation of the quinoid form, is related to the oxidized sites 25 . The PPy film before discharge clearly has a double peak at about 1052 and 1085 cm −1 , which can be assigned to the C-H in-plane deformation of oxidized PPy. In contrast, there is only one peak at 1048 cm −1 for the discharged sample, which indicates that the film also contains the fully reduced species. The bands in the high frequency region around 1600 cm −1 correspond to the backbone stretching of C=C bonds, and their intensity is correlated to the polymer conductivity [25] [26] [27] . The peak intensity of the PPy film after discharge in this region is significantly lower than for the film before discharge, implying that the film partially loses its conductivity after the discharge process 27 .
According to the analysis of the Raman spectra above, the PPy electrodes were partially reduced after discharge, staying in an intermediate state which contains both the reduced and the oxidized forms. Accordingly, the film is not likely to be fully reduced and then oxidized in an orderly way.
This means that there are reversible redox reactions that arise on the polymer, as showed in Fig   3. 8. The redox reversibility and ultra-high ionic mobility of polypyrrole in these aqueous electrolytes make it clear that its redox reaction is a simultaneous bidirectional process.
Polypyrrole can act as an oxygen consumer and thus accelerate the oxygen dissolution. At the same time, it can also be reduced and incorporated with Zn 2+ ，which helps to maintain the zinc dissolution rate.
Conclusions
The electrochemical properties and reaction mechanism of the Zn/bio fluids /polypyrrole battery has been investigated. The role of polypyrrole film in the battery can be concluded as both that of an oxygen consumer, which can catalyse the oxygen dissolution, and that of an electron acceptor, which helps to maintain the Zn dissolution rate. Both the capacitance and the ion-exchange capability of the PPy films in different electrolytes affect the discharge performance. Higher values of polymer capacitances and ion-exchange rates induce higher capacities. Based on this understanding of such mechanisms, further modifications of the polymer electrodes can be carried out, which is essential for developing biocompatible batteries with non-toxic aqueous electrolytes.
